Abstract-A compact helix structure implementation and associated design formula of lumped element second-order bandpass filter circuit for high power frequency-hopping (FH) filter are proposed in this paper.
INTRODUCTION
FH filters are often used in multiband telecommunication systems, radiometers, and wideband radar systems, and typically based on different technologies such as: 1) mechanically tuning [1, 2] ; 2) barium strontium titanate (BST) thin film technology [3] ; 3) yttrium-iron-garnet(YIG)-based resonators [4] ; 4) RF micro-electromechanical systems (RF-MEMS) devices [5] ; 5) semiconductor (silicon, ferroelectric, GaAs) varactors [6, 7] ; 6) LC elements [8] . However, none of the approaches can meet the requirement of VHF FH filters with high power handling capability and high linearity. In [9] and [10] , the tunable filters are digitally controlled by the PIN diodes with capacitor array, thus the technique can meet the requirement of high speed in the FH radio system.
As the transmitter terminal filter and frond-end pre-election filter, FH filter's performance affects the whole system directly which can improve the anti-jamming capability of communications system and the sensitivity of receiver. The FH filter behind power amplifier can reject transmitting noise and spurious, thus it can improve SNR than traditional lowpass filter. Low power digital FH filter is already studied and applied a lot, however high power handling capability (P 1 dB > 47 dBm) FH filter is few reported, so the research is important and meaningful.
The modern VHF communications system requires filters with low loss and high Q. The helical filters have a high Q (200 ∼ 5000), and wide operating frequency range (10 MHz ∼ 1200 MHz) [11] , thus it can transmit the HF and VHF signals of power between 50 W to 100 W. Zhao and Liang proposed the helical resonator which was loaded in the middle of the helix and the tuning element of COMS switch was set outside the cavity. Broad tuning range was realized and it was suitable for HF radio system [12] .
In this paper, a compact helix structure is proposed with Tzs introduced by the coupling between input and output. The parasitical capacitance of the helix coil has been used exactly to enhance the suppression of second harmonic. The emphasis of this paper is also placed on revealing the working mechanism of the FH filter schematic both mathematically and graphically. The graphic solution suggests that the locations of the Tzs (one, two, or three zeros cases are discussed). As long as they are not too close to the center frequency, they do not change the pass-band characteristics of the filter too much. The design is co-simulated in CST MICROWAVE STUDIO and CST DC STUDIO. The inside size of the overall structure is 90 * 40 * 60 mm 3 .
THEORY

Theory on Electronically Tunable Filters
Designing a [f 0L , f 0H ] electronically tunable bandpass filter should obey the following rules: Fig. 1(a) ) is corresponding to the center frequency f 0 , C 11 corresponding to the center frequency f 0L , C 13 corresponding to the center frequency f 0H , according to f = 1 2π √ LC , then C 12 /C 13 = C 11 /C 12 = q 2 = 2.9, the filter schematic should meet (1):
Theory of Chebyshev-type Filter with Tzs
The schematic of proposed filter to be implemented is shown in Fig. 1(a) . It consists of a second-order bandpass filter with two lumped tunable capacitors (C 1 and C 2 ) in parallel with a feedback capacitor. The T-type inductor network plays the role of coupling and resonance. The feedback capacitor C introduces Tzs because of its coupling between input and output. Assuming the admittance matrix for the filter schematic without C is Y = y 11 y 12 y 21 y 22 , the overall admittance matrix Y will be the sum of Y and the admittance matrix for feedback C.
where s = jω, the location of the finite Tzs can then be obtained by solving the following equation:
To simply the analysis, the circuit in Fig. 1(a) is first transformed to the one shown in Fig. 1(b) using T −π network transformation. The values of the inductors in this new configuration are given by and then, by solving the nodal analysis on the circuit of the new schematic, the element y 12 can be found as:
where
Substituting (5) into (3) and rewriting it as:
Because the filter schematic is synchronous and symmetrical, according to (5) , the transmission function without C has one transmission zero, and its location is fixed by the product of L 12 (or According to the roots of (6), three cases may occur by choosing different feedback capacitor, shown in Fig. 2(a) . These cases all can improve the selectivity. a. Three zeros locate above the center frequency, for example C = 0.05 pF, this case has high rejection for the upper stopband overall but not second harmonic specifically. b. Two zeros locate above the center frequency, for example C = 0.055 pF, this case has high suppression of second harmonic. c. One zero above the center frequency closer, for example C = 0.06 pF, this case can improve the selectivity but the rejection will not be high enough. The roots of (3) and (5) are the Tzs' locations, as shown in Fig. 2(a) . Conveniently, they can also be found by method of graph, as shown in Fig. 2(b) , five lines corresponding to five suspectance of different capacitor cut the curve of suspectance of y 12 , so the intersections are the locations of Tzs.
Simulation of Circuit Model
Based on the synthesis method for a bandpass filter outlined in [1] , a second-order Chebyshev-type bandpass filter of 5%-FBW, 0.01-dB ripple, whose element values for lowpass prototype are g 0 = 1, g 1 = 0.4489, g 2 = 0.4078, g 3 = 1.1008, 51 MHz center frequency, has been designed. The coupling coefficient of Resonators is extracted in the way of [13] by adjusting the common grounded helix coil, and the tapped position of input and output match network is found by 3D EM simulation according to the designing formula (7) .
where, k 12 is coupling coefficient and Q e1 , Q e2 are external quality factors. The corresponding component values in Fig. 1(b) are
In Fig. 2(a) , the long dashed curve with the triangle mark shows the transmission response without feedback capacitor of the Chebyshev-type bandpass filter with one transmission zero itself. For highest suppression of second harmonic, the feedback capacitor must be chosen reasonably to produce a transmission zero near 102 MHz. Fig. 2(b) shows that the line of ωC is tangent with the curve of y 12 fitly, and transmission response is the short dashed curve in Fig. 2(a) .
HELICAL FILTER IMPLEMENTATION
To actualize M = 456.6 nH, according to (4a), L 0 must be very small, the grounded transmission line can satisfy, L 0 = Z 0 tan βl ω (Z 0 is the character impedance, and β is phase constant).
According above, the parasitical capacitance of the helix coil is needed to design exactly to improve the suppression of second harmonic. The parasitical capacitance formula of helix coil in [14] is C P = 0.0295 log 10 (1.2 S/d) pF/mm (S is width of cavity, d is diameter of helix coil). The parameters of the whole common grounded helix coil are as follows: wire diameter is 2.2 mm, number of turns is 8, diameter of form is 15.2 mm, length of form is 50.4 mm, but the helix coil is not well-proportioned at the tapped position. The topology structure of FH filter is shown in Fig. 3(a) , and experimental prototype is shown in Fig. 3(b) . 
EXPERIMENTAL RESULTS AND DISCUSSION
In experiment, the common grounded inductor is the manual helix coil of high Q, and the capacitors of the 100 B serials of ATC are chosen as the capacitor array, and the PIN diodes of the MA4Pxxx serials of MA/COM are chosen as the switches. Using programmable logic device (PLD), the digital circuits of FH filter produce low or high voltage to control the PIN diodes forward or reverse bias, then select different capacitors combining with resonance circuit to accomplish different operating frequency filter characteristic. At last, the 3D EM simulation and experiment results are shown in Fig. 4 .
In lower frequency, there are some burs attributed to the capacitances of the PIN off-switches. The more off-switches, the more burs occur. The FBWS and locations of the Tzs deviate from the predefined cases a little due to the error between theoretic inductance and manual helix coil. The input power of the filter is greater than 49 dBm, and the output power is greater than 47 dBm when the filter is put in the surroundings of high and low temperature. The experimental results of different center frequencies are compared in Table 1 . The filter has an insertion loss (I. L.) less than 1.2 dB, shape factor (BW 30dB /BW 3dB ) less than 8 and suppression of second harmonic better than 66dB over operation frequency range from 30 MHz to 88 MHz. 
CONCLUSION
In this paper, a compact helix second-order FH filter with high power handling capability is presented. The structure and the theory are proposed in detail, and the method of choosing the feedback capacitor for highest suppression of second harmonic is revealed. ADS and CST softwares are used to build up, simulate and optimize the model for the digital FH filter. The results of experiment are almost according with the simulation. The center I. L. and the suppression of second harmonic are fine.
